This paper investigates allocation of energy to mechanisms that generate and preserve architectural forms (i.e. developmental stability, complexity of branching patterns) and productivity (growth and reproduction) in response to environmental disturbances (i.e. grazing and resource availability). The statistical error in translational symmetry was used to detect random intra-individual variability during development. This can be thought of as a measure of developmental instability caused by stress. Additionally, we use changes in fractal complexity and shoot distribution of branch structures as an alternate indicator of stress. These methods were applied to Anthyllis cytisoides L., a semi-arid environment shrub, to ascertain the effect of grazing and slope exposure on developmental traits in a 2;2 factorial design. The results show that A. cytisoides maintains developmental stability at the expense of productivity. Anthyllis cytisoides was developmentally more stable when grazed and when on south-facing, as opposed to north-facing slopes. On the contrary, shoot length, leaf area, fractal dimension and reproductive-to-vegetative allocation ratio were larger in north-than in south-facing slopes. As a consequence, under extreme xeric conditions, shrub mortality increased in north-facing slopes, especially when not grazed. The removal of transpiring area and the reduction of plant competition favoured developmental stability and survival in grazed plants. Differences between grazed and ungrazed plants were most evident in more mesic (north-facing) areas.
Introduction
In arid environments, water is the most limiting resource affecting nutrient acquisition and carbon assimilation (Schulze & Hall, 1982) . Under water shortage plants reduce their metabolic activity and stomatal conductance (Younis et al., 1993) , causing a decrease in photosynthesis (Depuit & Caldwell, 1973; Comstock & Ehlenringer, 1984) . Low carbon fixation may decrease growth rate (Sultan & Bazzaz, 1993; Pugnaire et al., 1993) . Low growth rates are found in low-resource environments (Grime, 1977 (Grime, , 1979 Chapin, 1980) . Nevertheless, plants growing in infertile environments are adapted to low levels of resources, and show adaptive mechanisms to deal with stress. Therefore, identifying plants living in stressful environments as being stressed may be misleading. In addition, it is important to know whether resistance to one environmental stress will confer resistance to other environmental stresses (Chapin et al., 1993) . For example, plants exposed to water stress may show traits similar to plants exposed to low nutrient levels, high temperatures or saline environments (Levitt, 1980) . Previous studies have demonstrated that grazing reduces the transpiring leaf area of plants, thereby increasing survivorship during drought periods (Verkaar, 1986; Olson & Richards, 1988; Coughenour et al., 1990; Simoes & Baruch, 1991) .
Changes in developmental stability can be used to detect conditions of stress, usually by measuring the increase of intra-individual variability in repeated structures. The measurement of developmental stability has been successfully applied to detect stress caused by human disturbance in natural ecosystems (SouleH , 1967; Zaharov, 1987; Parsons, 1992; Markow, 1994) and has traditionally been measured by fluctuating asymmetry (FA), (Van Valen, 1962; Palmer & Strobeck, 1986) . A large number of studies have demonstrated that FA increases under different kinds of stress, including genetic, temperature, food deficit, parasitic and pathogenic, and pesticide stress, among others (Parsons, 1990; Alados et al., 1993; Clarke, 1993; Freeman et al., 1993; Graham et al., 1993; Markow, 1994; M+ller & Swaddle, 1997) . In addition to bilateral symmetry, statistical noise in allometric relations also can be used to detect random intra-individual variability during development in plants Graham et al., 1993; Sherry & Lord, 1996) . Particularly, the statistical noise in the allometric relation between internode length and node order can be used as a measure of developmental instability caused by stress (Alados et al., 1994 (Alados et al., , 1998a (Alados et al., ,b, 1999a EscoH s et al., 1995 EscoH s et al., , 1997 Anne et al., 1998) .
In addition, fractal complexity in branching structures results in optimal nutritional support of the structure (Sugihara & May, 1990; Eghball et al., 1993; Chen et al., 1994; Shibusawa, 1994) . Fractal complexity can be characterized by the fractal dimension. Indeed, previous studies have demonstrated fractal dimension to change under stress situations (Alados et al., 1994 (Alados et al., , 1996a EscoH s et al., 1995 EscoH s et al., , 1997 .
In this study we have applied measures of translational symmetry and fractal dimension to plants growing in a semi-arid environment to test the effects of grazing and slope exposure on developmental traits. Thus, we investigated how allocation to developmental stability and production (complexity of branching patterns, growth and reproduction) vary in relation to environmental factors. We are interested in knowing how stress resistance mechanisms develop in Mediterranean shrubs living under very xeric conditions and how grazing influences that response.
Materials and methods

Study area and species
The experiment was conducted at the Rambla Honda valley, located near Tabernas (AlmermH a, Spain), in Los Filabres range (37308 N; 2322 W, 600-900 m a.s.l.). The climate is semi-arid, with average annual precipitation at Tabernas (9 km to the south, 490 m a.s.l.) at 218 mm and a mean annual temperature of 17)43C. (PuigdefaH bregas et al., 1996) . Temperatures and vapour pressure deficits during the summer months can exceed 403C and 4)5 kPa, respectively (Pugnaire et al., 1996) . Rambla Honda is extensively grazed with sheep and goats, with a density of about one animal per ha.
The study was performed on A. cytisoides, a summer deciduous leguminous shrub. It is widespread throughout the south-eastern Iberian peninsula and is the preferred food species of domestic ruminants in this area of the Mediterranean basin, where it makes up to 60% of goats'diet (Barroso, 1991) .
Experimental design
Two similar plots were chosen for this study. Both were characterized by sparse vegetation dominated by A. cytisoides, with a woody plant cover of 30%, and negligible presence of other xerophytic species such as Artemisia barrelieri. Both plots exhibited similar geomorphology and soil chemistry, and were separated by only &200 m. One of these plots, of about 14 ha, had been excluded from grazing since 1 September 1991, while the other one was grazed. In order to determine how the extremely dry conditions of 1995 (rainfall in the spring of 1995 totalled 14)5 mm, i.e. 21% of the last 5-year average; R. LaH zaro, pers. comm.) affected shrubs on dry (south-facing slopes) vs. more mesic (north-facing slopes) areas and the interaction with livestock grazing, we sampled A. cytisoides shrubs in northern and southern exposures, under grazing and non-grazing pressure in a 2;2 factorial design with two replicates. Differences between slope exposures are due only to sun radiance and its related effects on water evaporation and enhanced UV-B radiation. North-and south-facing slopes belonged to the same alluvial fan, and two alluvial fans were selected as the two replicates. A total of 160 plants similar in size were sampled during March 1995, 40 per treatment, 20 in each replicate. We selected adult plants of similar size, and cut one 3-year-old well-developed lateral branch from the same specific position. Additionally, we selected a well-developed annual shoot per branch located in second or third position from the previous year's shoot, and measured in the laboratory the internodal distance from base to top. To avoid interference by grazing, only undamaged stems were selected for the analyses. A detailed description of procedures and analyses is elsewhere (EscoH s et al., 1997) .
Data collection and analysis
We determined developmental instability by estimating the error of the arrangement of leaves on the stem. We measured the distance between consecutive nodes with an electronic calipre to the nearest 0)01 mm in one developed shoot per plant, and examined the relation between internodal length (L) and internodal order (N ) on vegetative green shoots of A. cytisoides using the expression:
where p and b are fitted constants. This expression corresponds to the allometric relationship between internode length and node order before the inflorescence development (EscoH s et al., 1997) . Taking logarithms on both sides,
The values p and b can be obtained from regression analysis, and the standard error of the regression (S yx ) and one minus the coefficient of determination adjusted to the degrees of freedom (R 2 ), are measures of developmental instability, i.e. they measure the extent to which the actual phenotype departs from the hypothetical, undisturbed phenotype, during the developmental process (Alados et al., 1994; EscoH s et al., 1997) .
Fractal dimension
To obtain the box-counting fractal dimension of branch architecture we took slides of 3-year-old branches of A. cytisoides in March 1995, when plant canopies were completely developed. Slides were taken at the same distance, focusing on the centre of the branch. Later, slides were digitized with Kodacrome. Images were captured with Adobe Photoshop 4)0 with a resolution of 3072;2048 pixels. Because the thickness of the lines within digitized images can have a large impact on fractal dimension (Berntson, 1994) , images were preprocessed similarly, by selecting a window size of 1024;1024 pixels, then filtering, converting to greyscale, and adjusting to the same intensity. A computer program was written to analyse the data. This method was previously calibrated against images of known fractal dimension.
The box-counting capacity dimension (Hausdorff, 1919) consists of calculating the minimum number of n-dimensional cubes of side needed to cover the object. It is given by
where D c is the fractal dimension of the projection of the plant into a plane. Box counting consists of superimposing a grid on the structure to be described and determining the number of squares that are needed to cover it. Information dimension is a generalization of the capacity dimension that takes into account the relative probability of the cubes used to cover the set (Farmer et al., 1983) . Mathematically it is defined as:
is the number of occupied pixels for each box of size i. Here we use the same grid as for box-counting, but instead of determining the number of occupied squares we count the number of occupied pixels in each box and calculate I ( ) for each box size (see Alados et al., 1999b) .
In order to discriminate between objects that have the same fractal dimension but appear different we measured the heterogeneity of a fractal structure and calculated its lacunarity, i.e. the degree of structural variation within the object. Heterogeneity can be measured by the evenness index:
The average of the evenness index for box size ranging between 8 pixels side (16384 boxes grid) to 256 pixels side (16 boxes grid) is a measure of the heterogeneity of the structure similar to the lacunarity measured by Smith et al. (1996) . In addition, the coefficient of variation of the evenness index is also a measure of the branch structure heterogeneity (Alados et al., 1999b) .
Plant allocation to reproductive and vegetative structures was measured as the ratio of the influorescence length to shoot length in each of the 160 shrubs. We also measured the total length of the shoot. Leaf area was calculated as length;width of 10 leaves per plant, selected at the same position from 10 different shoots, and assuming an elliptical shape. Plant survival in each plot was estimated in February 1996. Percentage of living canopy was determined as branch survival in each of 324 A. cytisoides shrubs sampled by transects. In A. cytisoides, a varying proportion of the canopy dies as a consequence of water stress and remains as standing dead biomass on the plant for several years. When the whole plant was dead, 0% of branch survival was recorded.
Relative water content (RWC) was determined by the method of Barrs & Weatherley (1962) . Ten 10-cm long terminal segments of branches from each plant were cut, weighed in the field and placed overnight in a dark humid chamber at room temperature. Shoots were weighed after saturation and again after being dried at 703C for 24 h. RWC was determined as (mf!md/ms-md), where m is mass of shoots when fresh (mf), at saturation (ms) and when dried (md). Plant water deficit was then calculated as 1!RWC.
Data were analysed by ANOVA (MGLH routine in SYSTAT, Evanston, Illinois, and GLM in SAS 6)12) using a mixed model factorial design with grazing and slope aspect as fixed factors, and replicate as a random factor. Comparisons of means between grazing treatments for each slope aspect were made using Tukey's multiple comparisons test (Sokal & Rolhf, 1981) . Floral-to-vegetative mass ratio was square-root transformed for normality. Shoot length and leaf area were log transformed.
Results
Shoot length varied significantly (F "12)83, p(0)001) with slope exposure (Fig. 1) ), and the difference was also reduced when plants were grazed (Fig. 1) . Finally, the allocation of energy to reproductive vs. vegetative structures was also significantly larger (F "28)01, p(0)001) in north-facing slopes (0)87) than in south-facing slopes (0)46). No differences between grazing regimes were observed. Plant survival was significantly enhanced (F "20)19, p(0)001) by grazing (Fig. 1) , although no significant differences between exposures were observed (F "2)04, NS). Differences between replicants were not significant.
Leaf arrangement in the stem fitted the equation L"2)43 N, averaged for the 160 samples. The scaling parameter b increased significantly with grazing (F "7)00, p(0)01) equally in northern and southern exposed sites. This parameter measured how the distance among leaves scaled as we moved up the stem. The higher the parameter the larger the increase in internodal distance. There were no significant differences between slope exposure (F "1)64, NS). The adjusted coefficient of determination, R 2 , and the standard error of the regression, S yx , were significantly affected by slope exposure (F "11)09, p(0)001; F "9)14, p(0)01, respectively), and showed that A. cytisoides was developmentally more stable on south-facing than on north-facing slopes (Fig. 2) . Similarly, grazing favoured stability (F "9)28, p(0)01 for R 2 ). This effect was more evident in plants located on north-facing slopes than on south-facing slopes.
The capacity fractal dimension (D c ) of branch structure in plants under different slope aspects and grazing regimes showed that north-facing plants had a significantly (F "69)99, p(0)001) larger fractal dimension (1)682) than south-facing plants (1)531), and that grazing reduced fractal dimension on both slopes (F "17)39, p(0)001). Similar results were observed for the information fractal dimension, D I , (F "83)69, p(0)001, for slope aspect; F "33)30, p(0)001, for grazing pressure). As expected information fractal dimensions present larger values, making the differences between treatment more pronounced (Fig. 2) . The heterogeneity of branch distribution was measured by the averaged evenness index ( J C ) and the coefficient of variation of evenness index ( Jcv). As J C increases, the more homogeneously distributed the branches. Thus, J C is larger in north-exposed plants (F "14)63, p(0)001), especially when ungrazed (F "59)07, p(0)001). In the same way, as Jcv increases, the heterogeneity of branch distribution into the canopy also increases. Thus, south-exposed plants presented more pronounced gaps in the crown, that is larger lacunarity ( Jcv), than north-exposed plants (F "23)18, p(0)001, Fig. 2) .
Water deficit was significantly (F "7)78, p(0)01) higher in ungrazed (0)62$0)02, n"24) than in grazed plants (0)56$0)02, n"24), while exposure did not significantly affect water deficit (F "0)2, NS).
Discussion
The concept of environmental stress has unknown implications for organism functioning and population persistence. The most common definition of stress is 'an environmental factor that causes a reduction in fitness' (Koenh & Bayne, 1989; Hoffman & Parsons, 1991; Lenski & Bennett, 1993) . But the relation between stress and fitness is not expected to be linear. Lenski & Bennett (1993) observed that high temperature stress (423C) leads to greater fitness in organisms such as Escherichia coli before mortality occurs at 433C. In this study, A. cytisoides shrubs increased mechanisms preserving plant architecture (measured with developmental stability) at the expense of productivity (growth and reproduction), leading to an increase stress tolerance. Consequently, defining stress exclusively in terms of production decline may be misleading. Here we define stress as any environmental factor that causes a reduction in the efficient use of energy, causing a reduction in developmental homeostasis, and finally reducing long-term, total inclusive fitness.
In response to stress, organisms increase their metabolic rate (Parsons, 1993) , and hence oxygen consumption and free radical production. This oxidative stress reaction is common in all living beings, and has been reported for organisms ranging from plants (Herouart et al., 1993) to rodents (Atkinson et al., 1993; Toraason et al., 1993) to humans (Kakkar et al., 1993; Yoshida et al., 1994) . During development, organisms divert energy to a series of processes that buffer the disruptive effects of developmental noise during growth, which are called developmental stability or developmental homeostasis processes (Palmer, 1996) . When a perturbation appears, there is less energy available and organisms have to choose between reduced maintenance (i.e. reduced developmental stability or developmental homeostasis) or reduced complexity, that is relative plant production independent of scale (fractal dimension) and reproduction (lower allocation to reproductive structures). One way to resist stress is by conserving energy normally available to plant production in order to allocate more energy to developmental homeostasis. Our data show evidence for this plant allocation strategy. Anthyllis cytisoides shrubs growing on south-facing slopes were developmentally more stable during the extreme 1994-1995 drought than individuals inhabiting more mesic, north-facing areas. This could be explained as a consequence of the greater growth experienced by individuals inhabiting more benign areas (with larger leaves and longer shoots), which cannot be supported when water resources are scarce. As a consequence, north-facing plants show reduced branch survival, especially when they were not grazed.
Plants are fractal structures, and as a consequence plant biomass is not linearly related to plant size. An indirect but non-destructive standardized measurement of relative biomass production independent of scale is the fractal dimension of branch structures, which is independent of branch size. The fractal dimension measures the complexity with which plants fill space. A higher complexity in branch structure increases the efficiency of gas exchange at the whole-plant level. Previous studies have demonstrated a reduction in the fractal structure and in physiological processes under stress situations (Alados et al., 1994 (Alados et al., , 1996a EscoH s et al., 1995) . In this study, we observed that plants with larger fractal dimension, as north-exposed plants, presented larger developmental instability. The response of an organism to a potential stress could result in a cascade of time-scaled responses where impaired growth and complexity may compensate for further levels of stress in a predictable environment. Our results suggest that under the extreme xeric conditions of 1995, shrubs with low complexity of fractal structures are developmentally more stable than plants with larger biomass production. By reducing growth, a plant reduces its dependency on the environment for the acquisition of new resources (Chapin, 1991) . However, by doing so the plant also reduces its photosynthetic efficiency and thereby water deficit. Thus, a reduction in transpired water by reducing the photosynthetic area in our south-facing shrubs may counteract the loss of water in the more xeric (south-facing) slopes, as shown in the similar water deficit of north-vs. south-facing slope plants. Allocation to reproductive structures was also reduced in south-facing plants.
The effects of grazing have already been documented on A. cytisoides (Alados et al., 1996b EscoH s et al., 1996 EscoH s et al., , 1997 , showing a higher incidence of environmental disturbance under both heavy grazing pressure and lack of grazing. Grazing increased both survival and fecundity, and developmental stability measurements provided useful, early indicators of this impact (EscoH s et al., 1997) . These results are partially due to the lower water deficit of grazed plants, because of the removal of transpiring material, and partially due to reduced plant competition (P. Haase, pers. comm.). When we compared the effect of grazing in shrubs of north-and south-facing slopes, we observed that the effect of grazing was more evident in more mesic (north-facing slopes) areas than in plants inhabiting more extreme conditions (south-facing slopes). This result supports Parson's (1994) hypothesis that in extreme environmental conditions the potential for evolutionary change is low because of the high costs of accommodation to environmental stress, and its reverse formulation, i.e. plants from high resource environments have a broader reaction norm (Sterans, 1989) .
Thus, developmental stability was higher in grazed than in ungrazed A. cytisoides shrubs, which had a higher branch survival, resulting in a smaller transpiring area and lower water deficit in grazed shrubs.
Considering fitness only in terms of reproductive success we should conclude that, after an extreme drought period, shrubs inhabiting more benign conditions (northfacing slopes) may have higher fitness than plants inhabiting more xeric areas (southfacing). But assessing fitness requires the consideration of not only reproduction but also survival. The allocation of energy to stress tolerance mechanisms increases survival, but reduces energy for reproduction. Thus, in long-living species, survival is more important than reproduction from a final, global fitness point of view (Emlen & Pikitch, 1989; EscoH s et al., 1997) .
